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SUMMARY 

T e n s i l e  specimens of f ive  g r a p h i t e  fiber r e i n f o r c e d  composite materials, were 
tested a t  room temperature  to  provide b a s e l i n e  data f o r  similar specimens exposed to 
t h e  space environment i n  l o w  Ear th  o r b i t  on t h e  NASA Long Duration Exposure F a c i l i t y .  
All specimens were 4-ply [f4S01s layups; a t  l eas t  f i v e  replicate specimens were 
tested f o r  each parameter evaluated.  Three epoxy-matrix m a t e r i a l s  and t w o  
polysulfone-matr ix  materials, s e v e r a l  f i b e r  volume f r a c t i o n s ,  and t w o  s i z e s  of  speci- 
men were eva lua ted .  S t r e s s - s t r a i n  and Poisson ' s  ratio-stress curves,  u l t i m a t e  
stress, s t r a i n  a t  f a i l u r e ,  s e c a n t  modulus a t  0.004 mm/mm s t r a i n ,  i n p l a n e  s h e a r  
s t r e s s - s t r a i n  curves ,  and u n i d i r e c t i o n a l  s h e a r  modulus a t  0.004 mm/mm s h e a r  s t r a i n  
are presented.  

T e n s i l e  data f o r  t h e  t h r e e  epoxy/graphite materials were similar. Thus, on a 
specific s t r e n g t h  and s t i f f n e s s  basis, t h e  least  dense (lowest f i b e r  volume f r a c t i o n  
material) w a s  t h e  most e f f i c i e n t  f o r  t h e  &4S0 layup evaluated.  The polysulfone-  
m a t r i x  composites e x h i b i t e d  much l a r q e r  v a r i a t i o n s  i n  s t r a i n  t o  f a i l u r e  for t h e  rep- 
l i ca t e  specimens than t h e  epoxy-matrix specimens. The f a i l u r e  mode for t h e  g r a p h i t e /  
epoxy specimens w a s  a c l e a n  separa t ion  of t h e  o u t e r  p l i e s  from t h e  i n n e r  p l i e s  i n  
i n t e r l a m i n a r  shea r .  The f a i l u r e  mechanism for t h e  polysulfone-matr ix  composites w a s  
q u i t e  d i f f e r e n t .  The f i b e r s  i n  the i n n e r  p l i e s  tended to  adhere t o  t h e  o u t e r  p l i e s  
and t o  r e a l i g n  themselves from 45O towards t h e  a x i s  of loading as f r a c t u r e  occurred. 
They cont inued to  c a r r y  load t o  r e l a t i v e l y  h igh  va lues  of breakinq s t r a i n .  The 
r e s u l t s  of t h e  p r e s e n t  s t u d y  ( b a s e l i n e  d a t a )  w i l l  be compared wi th  t h e  data obta ined  
wi th  the  exposed specimens i n  order  t o  e v a l u a t e  t h e  e f f e c t s  of t h e  space environment 
on t h e  mechanical properties of these materials. 

INTRODUCTION 

The combination of l o w  dens i ty ,  l o w  c o e f f i c i e n t  of thermal  expansion, and com- 
p a r a t i v e l y  high s t i f f n e s s  and s t r e n g t h  of g r a p h i t e  f i b e r  r e i n f o r c e d  polymeric m a t r i x  
composite materials make them a t t r a c t i v e  for  space s t r u c t u r a l  a p p l i c a t i o n s :  they  are 
i n c r e a s i n g l y  being used f o r  these purposes. A s  f u t u r e  spacecraft w i l l  be r e q u i r e d  t o  
operate for many years  i n  o rb i t  i t  is  necessary to  determine t h e  effects  of t h e  space 
environment on t h e  key p r o p e r t i e s  of composite m a t e r i a l s .  The NASA Long Durat ion 
Exposure F a c i l i t y  (LDEF) c o n t a i n s  an experiment e n t i t l e d  "Space Exposure of Composite 
Materials f o r  Large Space S t r u c t u r e s " ,  i n  which t e n s i l e  specimens of f i v e  composite 
m a t e r i a l s  (about  twenty specimens of each material)  are mounted on one of t h e  LDEF 
t r a y s .  The space environment h a s  n e g l i g i b l e  e f f e c t  on g r a p h i t e  f i b e r s ,  t h e r e f o r e  
major c o n s i d e r a t i o n  i n  t h e  choice  of composite materials w a s  given t o  t h e  s e l e c t i o n  
of t h e  m a t r i x  materials. Fiber i te  934 epoxy, Narmco 5208 epoxy, and Union C a r -  
bide P1700 polysulfone were s e l e c t e d ;  t h e  two epoxy r e s i n s  because they  are w e l l  
documented, s t a n d a r d  thermoset t ing r e s i n s ,  and t h e  polysulfone because it is a prom- 
i s i n g  thermoplas t ic  r e s i n .  All of t h e s e  materials were cured a t  350°F, or above, and 
meet space outgass ing  s tandards .  A l l  n a t e r i a l s  were 4-ply lamina t ions  wi th  p l y  lay-  
ups of [f4S01s.  For ty  f i v e  degree layups w e r e  selected as a compromise between 0' 
and 90°, because O o  plies are f i b e r  dominated and 90° plies  are very b r i t t l e .  
A l s o ,  t h i s  layup allows s h e a r  d a t a  which emphasize m a t r i x  behavior  to  be obta ined  
from u n i a x i a l l y  loaded t e n s i o n  tests. Two d i f f e r e n t  composite d e n s i t i e s  
( l o w e r  d e n s i t y  = lower f i b e r  volume p e r c e n t )  of t h e  polysul fone  and of t h e  934 epoxy 



materials w e r e  used i n  o r d e r  to  determine whether t h e r e  are d e n s i t y  r e l a t e d  effects. 
The specimens w e r e  made i n  t w o  d i f f e r e n t  s i z e s  i n  order t o  determine whether t h e r e  i s  

.ad e f f e c t  due t o  specimen s i z e .  During t h e  f l i g h t  t h e  LDEF is o r i e n t e d  so t h a t  t h e  
tes t  t r a y  is  exposed to atomic oxygen, thermal c y c l i n g ,  micrometeoroid particle i m -  
pingements , l o w  l e v e l s  of e l e c t r o n / p r o t o n  r a d i a t i o n ,  W r a d i a t i o n ,  vacuum, and possi- 
ble contaminat ion during launch and recovery from r o c k e t  exhaus t  or from o u t g a s s i n g  
products  from o t h e r  materials. T e n s i l e  tests of r e p r e s e n t a t i v e  samples of each 
material w i l l  be made ( 1 )  before the  LDEF f l i g h t  t o  o b t a i n  b a s e l i n e  d a t a ,  ( 2 )  a f t e r  
exposure t o  t h e  LDEF environment, and ( 3 )  a f t e r  storage i n  a c o n t r o l l e d  environment 
on Ear th  for t h e  length  of t h e  LDEF f l i g h t .  S t r e s s - s t r a i n  and P o i s s o n ' s  ratio-stress 
curves ,  u l t i m a t e  stress, s t r a i n  a t  f a i l u r e ,  s e c a n t  modulus a t  0.004 mm/mm s t r a i n ,  
i n p l a n e  s h e a r  s t r e s s - s t r a i n  curves ,  and u n i d i r e c t i o n a l  s h e a r  modulus a t  0.004 mm/mm 
s h e a r  s t r a i n  comprise t h e  b a s e l i n e  d a t a  presented  i n  t h i s  report. 

EQUIPMENT AND MATERIALS 

T e s t i n g  and Data Acquis i t ion  Equipment 

The tests were performed i n  a Model 1350 I n s t r o n  Servohydraul ic  t e s t i n g  machine. 
F igure  1 is a photograph of the test  s e t  up. F igure  2 i s  a close-up of the test 
specimen, g r i p s  and sensors .  Longi tudina l  t e n s i l e  s t r a i n s  were measured w i t h  MTS 
Model 632.11b-20 extensometers.  Transverse s t r a i n  was measured wi th  a n  I n s t r o n  
s t r a i n  sensor  Model A327-2 type G57-12. The l e a d s  from t h e s e  s e n s o r s  and from t h e  
I n s t r o n  Load C e l l  and Bridge vol tage  w e r e  connected t o  a t e r m i n a l  board which f e d  t h e  
s i g n a l s  i n t o  a console c o n t a i n i n g  a H e w l e t t  Packard 3497A Data Acquis i t ion  System and 
a H e w l e t t  Packard HP85 computer/HP7470A p l o t t e r  system. Reference 1 g i v e s  a complete 
d e s c r i p t i o n  of t h e  t e s t  procedure.  Reference 2 is the s t a n d a r d  ASTM test  method used 
for  t h e s e  tests . 

A modified TENSLl/TENSL2 program was loaded i n  t h e  HP85. This  program enabled 
the computer to  record data zero-points  and to  s t a r t  and s t o p  t h e  data a c q u i s i t i o n  
system. I t  allowed specimen c h a r a c t e r i s t i c s  and sensor  s e n s i t i v i t y  factors to  be 
i n p u t  and subsequent ly  used f o r  conver t ing  t h e  r a w  d a t a  t o  engineer ing  d a t a  such as 
stress and s t r a i n .  This program had t h e  a d d i t i o n a l  capabi l i ty  for p r i n t  o u t s ,  plot- 
t i n g  and storaqe of t h e  d a t a .  A coupled HP85/HP9845B system w a s  used to  copy t h e  
d a t a  to  a n  HP9845 tape c a r t r i d g e .  This  tape w a s  used i n  t h e  HP9845 wi th  a r e g r e s s i o n  
a n a l y s i s  program ( r e f .  3 )  f o r  manipulat ing t h e  data.  Inplane  s h e a r  s t r e s s - s t r a i n  
response w a s  determined by t h e  procedure presented  i n  r e f e r e n c e  4. 

LDEF Materials 

F a b r i c a t i o n  and c h a r a c t e r i z a t i o n . -  The f i v e  LDEF candida te  space s t r u c t u r e  
-I_-- - ----- ---- --- 

composite materials used i n  t h i s  experiment w e r e :  

. 
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P a n e l  Materia 1 Batch/Roll  

. #12 
#3 
#4 
#6 
#7 

Note 1.- P1700 

Polysulfone/Graphite(Pl700/C6000~ N o t e  1 3W2407/1 
2W5272/1 

Epoxy/Graphi t e  ( 934/T300 1 ( 145 g/m2) I' 2 and 4 C2528/5 
Epoxy/Graphi t e  ( 934/T300 1 ( 95 g / m 2  I' 2 and 4 C2637/2 
Epoxy/Graphite(5208/T300) " 3 1483/18 

Polysulfone/Graphite(Pl700/C3000~ " 1 

polysulfone i s  produced by Union Carbide Corp.* C3000 and C6000 are 
g r a p h i t e  fibers produced by the Celanese Corp. 

g r a p h i t e  f i b e r  produced by Union Carbide Corp. 
2.- 934 i s  a 350°F cured epoxy produced by t h e  F i b e r i t e  Corp. T300 i s  a 

3.- 5208 i s  a 350°F cured epoxy produced by t h e  Narmco Material Corp. 
4.- 145 g / m  and 95 g/m are fiber a e r i a l  weights  to  i n d i c a t e  t h e  fiber q u a n t i t y  2 2 

per u n i t  area. 

*Cer ta in  commercial materials and products  are i d e n t i f i e d  h e r e i n  
i n  order to  s p e c i f y  adequate ly  which materials and products  w e r e  
i n v e s t i g a t e d  i n  t h e  r e s e a r c h  effort .  I n  no case does such i d e n t i -  
f i c a t i o n  imply recommendation o r  endorsement of t h e  product  by NASA, 
nor  does it imply t h a t  t h e  materials and products are n e c e s s a r i l y  
t h e  only ones or t h e  best ones a v a i l a b l e  f o r  t h e  purposes.  I n  
many cases e q u i v a l e n t  materials and products  are a v a i l a b l e  and 
could  produce e q u i v a l e n t  r e s u l t s .  

P a n e l s  of 4-ply lamina t ions  w i t h  ply layups of [*45OIs were f a b r i c a t e d  i n  t h e  
NASA Langley Research C e n t e r  (LaRC) Mater ia l s  Process ing  and Development Labora- 
t o r y .  The panels  were layed up i n  sheets 50 i n c h e s  by 26 i n c h e s  i n  s i z e  e x c e p t  for 
the  P1700/C6000 which w a s  layed up i n  a s h e e t  37 inches  by 25 i n c h e s  i n  s i z e  due t o  
d i f f i c u l t i e s  i n  handlinq. Temperatures w e r e  recorded and monitored while  t h e  p a n e l s  
w e r e  be ing  B-staged and autoclaved.  A s  a q u a l i t y  assurance  procedure,  C-scans were 
made; no o b j e c t i o n a b l e  f l a w s  were detected.  G l a s s  t r a n s i t i o n  temperature  measure- 
ments w e r e  made w i t h  a DizPoiit 999 Thermal analyzer /943 Composite thermomechanical 
a n a l y z e r .  These va lues  and weight  per u n i t  area of t h e  p a n e l s  are presented  i n  
Table I. The r e s u l t s  of a f iber  volume a n a l y s i s  performed by t h e  LaRC/Bionetics 
C o n t r a c t  A n a l y t i c a l  Chemistry Laboratory are presented  i n  Table 11. References 5 and 
6 c o n t a i n  t h e  a p p l i c a b l e  t e s t  methods f o r  t h i s  a n a l y s i s .  

T e n s i l e  test specimens for t h e s e  tests w e r e  c u t  from t h e s e  pane ls  wi th  a water 
cooled diamond s a w .  Two s i z e s  were cu t ,  8.000 x 0.500 i n c h  and 6.750 x 0.375 inch.  
F igure  3 i n d i c a t e s  nominal dimensions of t h e  t w o  s i z e s  of specimens tha t  w e r e  used. 

End-tabs w e r e  machined from epoxy/glass c l o t h  to  t h e  dimensions shown i n  f ig -  
u r e  3. These f i b e r g l a s s  tabs were bonded to  t h e  specimens w i t h  EA934, a bonding 
a g e n t  c o n t a i n i n g  30 micron diameter microballoons,  t o  achieve  uniformly t h i c k  bond- 
l i n e s .  Alinement h o l e s  were d r i l l e d  normal t o  t h e  plane of t h e  specimen, on t h e  
specimen c e n t e r l i n e ,  and 0.75 i n c h e s  from t h e  ends of t h e  specimens; #15 d r i l l  
(0.180 i n .  dia.)  w a s  used for t h e  1/2 in.-wide, and #30 d r i l l  (0.128 i n .  d i a . )  for 
t h e  3.8 in.-wide specimens. 
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Storage.-  The t e n s i l e  specimens w e r e  s t o r e d  i n  a Boeckel d e s s i c a t o r  of approxi-  _- 
mately one c u b i c  f o o t  c a p a c i t y  f o r  n ine  days or more prior t o  t e s t i n g .  
Chemical PA 400 Ref r ige ra to r  grade s i l ica  g e l ,  mesh s i z e  8-20, w a s  used as t h e  
d e s s i c a n t .  

Davison 

Con t ro l  specimens are s i m i l a r l y  s t o r e d  i n  a d e s s i c a t o r  a t  a tmospheric  p r e s s u r e  
and room temperature.  A t  t h e  t i m e  of LDEF r e t r i e v a l  t h e s e  specimens w i l l  be t e n s i l e  
t e s t e d .  Comparisons of t h e  c o n t r o l  d a t a  wi th  t h e  b a s e l i n e  d a t a  w i l l  i n d i c a t e  whether 
changes i n  mechanical c h a r a c t e r i s t i c s  have occurred  due to  long t e r m  s t o r a q e  i n  a low 
mois ture  environment. Spacec ra f t  are sometimes s t o r e d  f o r  s e v e r a l  yea r s  p r i o r  to 
launch i n  such environments. Therefore  it would be u s e f u l  t o  know whether changes 
occur .  

EXPERIMENTAL PROCEDURES 

The g r ipp ing  assembly used i n  the  LDEF tests is shown i n  f i g u r e  4. F igure  4 ( a )  
shows a disassembled view of the  g r i p  mechanism. The specimen-grip assembly is  shown 
i n  f i g u r e  4 ( b ) .  In a t t a c h i n g  t h e  s p e c i m e n s  t o  t he  g r i p s ,  t he  backup plate w a s  placed 
on a h o r i z o n t a l  surface w i t h  t h e  t w o  g r i p s  i n  t h e  approximate p o s i t i o n s  shown i n  f iq -  
u re  4 ( b ) .  The end-tabs w e r e  i n s e r t e d  between t h e  serrated faces of t h e  wedges wi th  
the wedge f a c e  p i n  i n s e r t e d  i n  t h e  h o l e s  of t h e  t abs .  The t i g h t e n i n g  dev ices  were 
p u t  i n  p l ace  and a l t e r n a t e l y  t i qh tened  whi le  keeping t h e  specimen t a u t  and s t r a i g h t .  
An open end wrench w a s  used to  t i g h t e n  t h e  dev ices  as snugly as p o s s i b l e  by hand, 
This  pressed  t h e  wedges i n t o  the  angled opening which forced  t h e  wedqe f aces  to-  
g e t h e r ,  t hus  " s e t t i n g "  t h e  ends i n  t h e  g r i p s  and minimizing the  t e n s i l e  load c a r r i e d  
by the  p ins .  Then one g r i p  w a s  clamped i n t o  p l ace ,  and while  ho ld ing  t h e  o t h e r  g r i p  
so t h a t  t h e  specimen w a s  t a u t  and s t r a i g h t ,  t he  second g r i p  w a s  clamped i n t o  place. 
The assembly w a s  c a r r i e d  t o  the I n s t r o n  and the  upper g r i p  w a s  screwed i n t o  t h e  load 
cel l .  Then the  ac tua to r  was moved i n t o  p o s i t i o n  f o r  p inning  t h e  lower g r i p  t o  it. 
(The lower po r t ion  of t he  lower g r i p  a t tachment  had p rev ious ly  been screwed t o  the 
a c t u a t o r . )  With the g r i p s  a t t a c h e d  t o  the  load ce l l  and a c t u a t o r ,  the backup p l a t e  
w a s  removed. 

P r i o r  t o  loading the  specimen t h e  load cel l  w a s  zeroed by a t t a c h i n g  t h e  upper 
g r i p  (wi th  a specimen i n  i t )  t o  t h e  load cel l  and then s e t t i n g  t h e  load ce l l  channel  
i n  t h e  I n s t r o n  vol tmeter  to  zero.  With the  g r i p s  and specimens a t t ached  to  t h e  load  
ce l l  and a c t u a t o r  and t h e  load ce l l  p rev ious ly  set to  ze ro ,  t h e  a c t u a t o r  was moved 
down t o  e x e r t  a pre-load on t h e  specimen. I t  w a s  d e s i r a b l e  t o  apply  a s m a l l  p re load  
t o  t h e  specimen t o  s t r a i g h t e n  or f l a t t e n  it. A load w a s  app l i ed  to  stress each spec- 
imen t o  350 psi. In  t h i s  p o s i t i o n  t h e  extensometers  ( r e f .  1 )  w e r e  a t t ached .  The two 
extensometers  had b lades  t h a t  w e r e  one h a l f  i nch  wide and spaced one inch  a p a r t .  
They w e r e  a t t ached  as a p a i r ,  back-to-back, w i t h  o r thodon t i c  rubber  bands, on t h e  
f l a t  s u r f a c e s  of the specimens, spanning the  middle one inch  of t h e  specimen length .  
The t r a n s v e r s e  s t r a i n  sensor  f o r  Poisson ' s  ra t io  de termina t ion  w a s  a t t a c h e d  j u s t  
above them. Each extensometer weighed from 0.74 oz. t o  0.92 oz. depending on how i ts  
w i r e s  w e r e  supported.  With t h r e e  extensometers  i n  p l ace  t h e  load cell  sensed an 
a d d i t i o n a l  2.5 oz. (approximate ly)  and i t s  ou tpu t  i nc reased  accord ingly .  The a c t u a l  
t e n s i l e  load on t h e  p o r t i o n  of t h e  specimen b e l o w  t h e  extensometers  w a s  diminished by 
t h a t  amount. A weight of 2.5 02.  w a s  n e g l i g i b l e  compared wi th  t h e  maximum loads  
experienced by the  specimens (less than 0.2 p e r c e n t ) .  Therefore  no adjustment  w a s  
made f o r  t he  extensometers '  weight. With the  load  ce l l  readinq approximately 3 or 
4 lbs., t h e  extensometers and t h e  s t r a i n  senso r  (channels  3, 4, and 5 )  w e r e  zeroed. 
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A l l  of t h e  tests w e r e  run i n  the STROKE CONTROL MODE on t h e  I n s t r o n ,  a t  a s t r a i n  
rate of  0.005 in . / in .  per minute  us ing  t h e  RAMP func t ion .  This  is  a non-cycl ic  tes t  
s t a r t i n g  a t  z e r o  stress and s t r a i n  and bu i ld ing  to  a level high enough t o  f r a c t u r e  
or, i n  t h e  case of t h e  polysul fones ,  t o  crack t h e  specimens. 

Immediately after t h e  channels  were zeroed and d a t a  ze roes  were taken,  t h e  com- 
p u t e r  program proceeded to  the  p o i n t  where it w a s  ready t o  s ta r t  record ing  da ta .  The 
movement of t h e  load a c t u a t o r  w a s  independent of t he  computer. It w a s  t hus  necessary  
to  have t h e  computer s ta r t  record ing  da ta  from t h e  d a t a  a c q u i s i t i o n  system j u s t  
b e f o r e  t h e  a c t u a t o r  s t a r t e d  apply ing  load to  t h e  specimen. 

An o s c i l l o s c o p e  on t h e  I n s t r o n  console w a s  used to  monitor stress and s t r a i n  a s  
t h e  tes t  proceeded, i n  o rde r  to  independent ly  monitor u l t i m a t e  stress and s t r a i n .  
Immediately a f t e r  f a i l u r e  t h e  loading  cycle  w a s  s topped and the  d a t a  a c q u i s i t i o n  w a s  
s topped.  When the  test s topped a d i g i t a l  vol t  meter (DVM) on t h e  I n s t r o n  c o n t r o l  
console  d i sp l ayed  t h e  peak load t h a t  had been reached on t h e  load cell.  This  va lue  
w a s  noted. S h o r t l y  a f t e r  t he  test  the  computer w a s  ready to  p r i n t  o u t  da ta .  Both 
r a w  d a t a  and d a t a  converted t o  engineer ing u n i t s  w e r e  t a b u l a t e d  on the  computer 
p r i n t o u t .  Then s t r e s s - s t r a i n  curves  were p l o t t e d  on t h e  HP7470A p l o t t e r  and t h e  r a w  
s t r e s s - s t r a i n  d a t a  w e r e  s t o r e d  on the  HP85 magnetic tape.  

Subsequent ly ,  t h e  d a t a  were t r a n s f e r r e d  from t h e  HP85 tapes to  HP9845 tapes .  
Then t h e  d a t a  were c o r r e c t e d  for the  y-axis o f f s e t  due to  t h e  pre load  and manipulated 
wi th  t h e  use  of t h e  programs l i s t e d  i n  re ference  3. Data from t h e  t w o  extensometers  
w e r e  averaged and Po i s son ' s  r a t io  w a s  obtained by d i v i d i n g  the  d a t a  from t h e  t r a n s -  
v e r s e  s t r a i n  sensor  by t h e  average extensometer da ta .  P r i n t o u t s  of the  d a t a  manipu- 
l a t i o n s  and c o r r e c t e d  d a t a  were obtained. The c o r r e c t e d  d a t a  w e r e  s t o r e d  on ano the r  
HP9845 tape c a r t r i d g e .  F i n a l l y ,  s e c a n t  modulus a t  0.004 mm/mm s t r a i n  w a s  ob ta ined  
from t h e  c o r r e c t e d  d a t a  p r i n t o u t .  Secan t  modulus w a s  ob ta ined  a t  0.004 mm/mm because 
t h e  stress-strain curves  a t  t h i s  va lue  were st i l l  n e a r l y  l i n e a r .  Shear stress and 
shea r  s t r a i n  were obta ined  from s t r e s s  and l o n g i t u d i n a l  and t r a n s v e r s e  s t r a i n  d a t a ,  
r e s p e c t i v e l y ,  as shown i n  r e fe rence  4. Unid i r ec t iona l  s h e a r  moduli were obta ined  
from t h e  s l o p e s  of the  shea r  s t r e s s - s t r a i n  curves  a t  shea r  s t r a i n  of 0.004 mm/mm 
which is within t h e  l i n e a r  p o r t i o n s  of  the curves.  

RESULTS AND DISCUSSION 

Presen ta t ion  of t h e  Data 

The t e s t  r e s u l t s  are presented  i n  f i g u r e s  5-14 and 15-19 as s t r e s s - s t r a i n  cu rves  
and Po i s son ' s  r a t i o - s t r e s s  curves ,  r e spec t ive ly .  The u l t i m a t e  va lues  of stress and 
s t r a i n  and t h e  c a l c u l a t e d  va lues  of secant  modulus a t  0.004 mm/mm s t r a i n  are 
p resen ted  i n  Table 111; t h e  averages  of t h e s e  r e s u l t s  are p resen ted  i n  Table I V .  
F igu res  20-23 p r e s e n t  bar  c h a r t s  of the d a t a .  These g r a p h i c a l l y  show the  r e s u l t s  
p re sen ted  i n  Table I V  and i n  f i g u r e s  5-14. F igu res  24-33 p r e s e n t  i np lane  shea r  
s t r e s s - s t r a i n  curves .  
s h e a r  s t r e s s - s t r a i n  curves .  

Table V p re sen t s  u n i d i r e c t i o n a l  s h e a r  moduli ob ta ined  from t h e  

F a i l u r e  Mode Explanat ion 

The d a t a  p re sen ted  i n  Tables I11 and I V  and f i g u r e s  5 through 23 show t h a t  t h e r e  
are l a r g e  d e v i a t i o n s  i n  stress and s t r a i n  f o r  t h e  r e p l i c a t e  specimens of t he  
po lysu l fone /g raph i t e  materials as compared wi th  t h e  epoxy/graphi te  materials. These 
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d e v i a t i o n s  may be a t t r i b u t e d  t o  the manner i n  which f r a c t u r e  occur s  i n  t h e  specimens. 
F igu re  34 p r e s e n t s  photographs showing p o s t - t e s t  p h y s i c a l  appearances  of t h e  f r a c t u r e  
r e g i o n s  of some t y p i c a l  specimens. The polysul fone  specimens (shown i n  f i g u r e  3 4 ( a )  
and ( b ) )  are d i s t o r t e d  i n  the f r a c t u r e  reg ion .  The f i b e r s  are b e n t  and t h e  f iber  
ends  are moved away from t h e i r  o r i g i n a l  p o s i t i o n s .  I n  f i g u r e s  3 4 ( c )  and ( d )  such 
d i s t o r t i o n  is n o t  ev iden t  i n  t h e  epoxy/graphite specimens. Not on ly  are the  f i b e r s  
d i s t o r t e d  i n  t h e  polysul fone /graphi te  specimens, b u t  o f t e n  t h e  f i b e r  ends are m i s s -  
i ng .  This  i n d i c a t e s  t h a t  the epoxy/graphi te  specimens separate r e l a t i v e l y  e a s i l y  
a l o n g  t h e  laminae i n t e r f a c e s ,  whereas when a po lysu l fone /g raph i t e  specimen starts to  
f r a c t u r e ,  t h e  fiber ends of t h e  i n n e r  pl ies  do n o t  separate immediately from t h e  
o u t e r  plies. Rather t h e  f i b e r  ends of the i n n e r  plies con t inue  t o  adhere  t o  the 
o u t e r  plies and the specimens con t inue  s t r a i n i n g  wi th  t h e  i n n e r  p l ies '  f i b e r s  t end ing  
t o  move from + 4 5 O  towards Oo o r i e n t a t i o n ,  u n t i l  a t  last ,  t h e  f ibers themselves f r a c -  
t u r e ;  and t h e  f i b e r  ends con t inue  t o  adhere  i n s i d e  t h e  o u t e r  p l ies .  This happened 
w i t h  most of t h e  # 3  (P1700/C3000) specimens and o c c a s i o n a l l y  wi th  t h e  #12 
(P1700/C6000) specimens. This behavior  is due to  t h e  the rmop las t i c  n a t u r e  of t h e  
P1700, and is  i n d i c a t i v e  of a good f i b e r / r e s i n  i n t e r f a c e .  I n  f i g u r e  34 (d )  no te  t h a t  
sometimes t h e  f i b e r  ends of t h e  #6 [934C/T300 (95  g/m 1 1  specimens are missing. Th i s  
i s  a d i f f e r e n t  phenomenon. The f i b e r s  are n o t  d i s t o r t e d ;  and sometimes it is t h e  
f i b e r s  i n  t h e  ou te r  p l ies  t h a t  are missing. These f i b e r s  may be miss ing  due t o  t h e  
f r a g i l i t y  of t h i s  material. F igure  35 is  a d i s p l a y  of t h e  test  r e s u l t s  showing 
i n d i v i d u a l  specimen r e s u l t s .  N o t e  t h a t  s e v e r a l  po lysu l fone /g raph i t e  specimens have 
s t r a i n e d  to  approximately t h e  0.01 mm/mm l e v e l .  This  may be tantamount to  a "basic 
s t r a i n  l e v e l "  where i n t e r l a m i n a r  shea r  occurs  similar t o  t h a t  which occurs  i n  t h e  
epoxy/graphi te  specimens. The rest  of t h e  po lysu l fone /g raph i t e  specimens s t r a i n  t o  
vary ing  l e v e l s  depending on how w e l l  and/or how many f i b e r s  are adhe r ing  t o  t h e  o u t e r  
p l ies  of t h e  specimens. 
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S t r e s s - S t r a i n  Curves 

Material comparison and s i z e  e f f e c t s . -  With the  excep t ion  of t h e  curves  f o r  t h e  
9.525 mm-wide specimens of P1700/C6000 and P1700/C3000 ( f i g s .  6 and 81, t h e  cu rves  
f o r  each of t he  two s i z e s  of t h e  f i v e  materials are c l u s t e r e d  c l o s e l y  t o g e t h e r .  The 
cu rves  f o r  t h e  th ree  epoxy/graphi te  materials are very similar. The curves  f o r  t h e  
po lysu l fone /g raph i t e  materials have a lower s l o p e ,  and a lmost  h a l f  t h e  u l t i m a t e  ten-  
s i l e  s t r e n g t h  of the epoxy/graphi te  materials, b u t  s t r a i n  a t  f a i l u r e  reaches  va lues  
much g r e a t e r  than  those of t h e  epoxy/graphite materials. Refe r r inq  t o  f i g u r e s  20-23 
and 35, t h e  epoxy/graphite materials have h ighe r  mean l e v e l s  of stress wi th  smaller 
s t anda rd  d e v i a t i o n s  and ranges  of d a t a  than t h e  po lysu l fone /g raph i t e  materials. The 
po lysu l fone /g raph i t e  materials have much h ighe r  l e v e l s  of s t r a i n  a t  f a i l u r e  wi th  much 
greater s t anda rd  d e v i a t i o n s  and ranges  of d a t a  than  t h e  epoxy/graphi te  materials. 
The l a r g e  d i f f e r e n c e s  i n  u l t i m a t e  s t r a i n  between t h e  t w o  classes of material, and t h e  
l a r g e  d e v i a t i o n s  i n  stress and s t r a i n  f o r  t h e  replicate specimens of t h e  po lysu l fone /  
g r a p h i t e  may be a t t r i b u t e d  to  t h e  manner i n  which f r a c t u r e  occurs  i n  t h e  specimens, 
as d i scussed  previous ly .  

Secan t  modulus.- Secant  moduli for t h e  epoxy/graphi te  materials are a lmost  
double t h e  moduli f o r  t h e  po lysu l fone /g raph i t e  materials. The d i f f e r e n c e s  i n  s e c a n t  
modulus between the  polysul fone  and epoxy materials can be a t t r i b u t e d  to  t h e  d i f -  
f e r e n c e s  i n  mechanical p r o p e r t i e s  of t hese  r e s i n s  s i n c e  t h e  r e i n f o r c i n g  fibers have 
similar p r o p e r t i e s .  
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Inplane  Shear S t r e s s -S t r a in  Curves 

- Material comparison and s i z e  e f f ec t s . -  The inp lane  shea r  s t r e s s - s t r a i n  cu rves  
w e r e  gene ra t ed  from t h e  l o n g i t u d i n a l  and t r a n s v e r s e  s t r e s s - s t r a i n  da t a ;  t h e r e f o r e  t h e  
i n d i v i d u a l  curves  and groups of curves a r e  similar i n  shape to  the  s t r e s s - s t r a i n  
cu rves  from which they were generated.  

Shea r  modulus.- Shear moduli f o r  the epoxy/graphi te  materials are almost double 
t h e  moduli f o r  t h e  polysul fone /graphi te  materials. 

Poisson ' s  R a t i o  

Material comparison.- Re fe r r ing  t o  f i g u r e s  15-19 it is  n o t i c e a b l e  t h a t  t h e  
Po i s son ' s  r a t i o - s t r e s s c u r v e s  con ta in  a l o t  of d i s p e r s i o n ,  p a r t i c u l a r l y  f o r  t he  
po lysu l fone /g raph i t e  specimens. Also, t h e  l e v e l s  of Po i s son ' s  ra t io  are g e n e r a l l y  
h ighe r  f o r  t h e  polysulfone-matr ix  than  fo r  t h e  epoxy-matrix composites.  

S i z e  e f f e c t s , -  The curves  f o r  t h e  narrower and t h e  wider  specimens and f o r  a l l  
combined, f o r  each material were averaged. These curves  are presented  i n  f i g -  
u r e  36. The averaged curves  f o r  t he  two s i z e s  of specimen are s e p a r a t e ;  and i n  a l l  
cases the  Po i s son ' s  ra t io  f o r  t he  narrower specimens is  s l i g h t l y  h igher  than f o r  t h e  
wider specimens. This  may be caused by free edge e f f e c t s  having a r e l a t i v e l y  g r e a t e r  
i n f l u e n c e  on t h e  narrower specimens. Another obse rva t ion  can be made from t h e  da ta .  
For t h e  range of stress from 15 to 50 MPa t h e  i n c r e a s e  i n  Po i s son ' s  r a t io  f o r  t h e  
po lysu l fone /g raph i t e  specimens is g r e a t e r  than  for t h e  epxoy/graphi te  specimens, 

CONCLUDING REMARKS 

Specimens of f i v e  cand ida te  4-ply [f4S01s composite space  s t a t i o n  materials were 
t e n s i l e  t e s t e d  i n  a se rvohydrau l i c  Ins t ron  t e s t i n g  machine. S t r e s s - s t r a i n  and 
Po i s son ' s  ratio-stress curves,  u l t i m a t e  stress, s t r a i n  a t  peak stress, and secan t ,  
modulus at 0.004 mm/mm s t r a i n ,  shea r  s t r e s s - s t r a i n  curves ,  and shea r  modulus a t  
0.004 mm/mm s t r a i n ,  shea r  s t r e s s - s t r a i n  curves ,  and shea r  modulus a t  0.004 mm/mm 
shea r  s t r a i n  w e r e  ob ta ined .  The fol lowing obse rva t ions  were made: 

1 .  R e s u l t s  for t h e  t w o  types  of material, epoxy/graphi te  and polysul fone /  
g r a p h i t e ,  were d i s s i m i l a r .  U l t i m a t e  s t r e s s  w a s  h igher  and more c o n s i s t e n t  f o r  t h e  
epoxy/graphi te ,  s t r a i n  a t  f a i l u r e  w a s  lower and more c o n s i s t e n t ,  s e c a n t  modulus w a s  
h ighe r ,  and Po i s son ' s  r a t i o  w a s  lower. The shea r  s t r e s s - s t r a i n  curves  were similar 
i n  shape t o  t h e  t e n s i l e  s t r e s s - s t r a i n  curves. The shea r  moduli showed t h e  same 
t r e n d s  as t h e  s e c a n t  moduli, b u t  a t  lower magnitudes. 

2 .  The l a r g e  d e v i a t i o n s  i n  stress and s t r a i n  f o r  t h e  r e p l i c a t e  polysul fone /  
g r a p h i t e  specimens were a t t r i b u t a b l e  t o  the  mode of t e n s i l e  f a i l u r e .  In s t ead  of  
c l e a n  f r a c t u r e s  as i n  t h e  case of t h e  epoxy/graphite specimens, when a polysul fone /  
g r a p h i t e  specimen s t a r t e d  t o  f r a c t u r e ,  the f i b e r  ends of t h e  i n n e r  p l i e s  d i d  n o t  
separate immediately from t h e  o u t e r  p l i e s .  Rather  they  cont inued  to  adhere and t h e  
specimen c m t i n u e d  s t r a i n i n g  with t h e  f i b e r s  t end ing  t o  move from f4S0 towards O o  
o r i e n t a t i o n  u n t i l  a t  las t  the f i b e r s  themselves f r a c t u r e d .  The e f f e c t s  of this mode 
of f a i l u r e  w e r e  most pronounced i n  the P1700/C3000 results. 
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3. Among t h e  t h r e e  epoxy/graphi te  materials t h e  r e s u l t s  f o r  u l t i m a t e  stress, 
s t r a i n  a t  f a i l u r e ,  s e c a n t  modulus and Po i s son ' s  r a t io  w e r e  very similar. Therefore  
t h e  material which w a s  t h e  l i g h t e s t  and least  dense [934/T300(95 g/m2)1 could be 
cons idered  t h e  most e f f i c i e n t  on a weight  per area o r  d e n s i t y  basis. There w a s  some 
i n d i c a t i o n ,  however, t h a t  t h i s  material w a s  somewhat more b r i t t l e  than  t h e  o t h e r  t w o  
epoxies .  

4. Poi s son ' s  r a t i o - s t r e s s  curves  showed l a r g e  v a r i a t i o n s ,  p a r t i c u l a r l y  f o r  t h e  
polysul fone /graphi te  materials. Poisson ' s  ratio w a s  g e n e r a l l y  h ighe r  f o r  t h e  poly- 
s u l f o n e s  than  f o r  the epoxies ,  a l though t h e  d a t a  overlapped. For t h e  range of stress 
from 15 to  50 MPa the  i n c r e a s e  i n  Po i s son ' s  ra t io  f o r  t he  polysul fones  w a s  g r e a t e r  
t han  f o r  t h e  epoxies. When the  r e p l i c a t e  r e s u l t s  were averaged, t h e  curves  f o r  t h e  
narrower specimens for  a l l  f i v e  materials were h ighe r  than  f o r  t h e  wider specimens. 
Th i s  may be caused by f r e e  edge e f f e c t s  having a r e l a t i v e l y  g r e a t e r  i n f luence  on t h e  
narrower specimens. 

5. With t h e  except ions of t he  h igher  Po i s son ' s  ratios f o r  t h e  narrower speci- 
mens, mentioned i n  41, and t h e  more widely d i spe r sed  s t r e s s - s t r a i n  curves  f o r  t h e  
narrower polysul fone /graphi te  specimens, no e f f e c t s  a t t r i b u t a b l e  t o  specimen s i z e  
w e r e  no t iced .  

REFERENCES 

1. W i t t e ,  W i l l i a m  G.: Manual f o r  LDEF Tens i l e  Tests. NASA TM 87624, October 1985. 

2. "Standard Test Method f o r  Tens i l e  P r o p e r t i e s  of Fiber-Resin Composites" ASTM 
Designat ion D 3039-76 (Reapproved 19821, Annual Book of ASTM Standards  1983, 
P a r t  35. 

3. "Regression Analysis",  Software on Tape Car t r idge ,  Part  No .  09845-1 501 1 and 
"Regression Analys is ' '  Manual, P a r t  No.  09845-1 51 11, H e w l e t t  Packard Co., 
Desktop Computer Div is ion ,  3404 East Harmony Road, Fort C o l l i n s ,  CO 80525. 

4. "Standard Recommended P r a c t i s e  f o r  Inplane  Shear S t r e s s - S t r a i n  Response of  
Un id i r ec t iona l  Reinforced P l a s t i c s "  ASTM Designat ion D 3518-76 (1982) Annual 
Book of ASTM Standards 1986, Sec t ion  15, V o l u m e  15.03. 

5. "Standard "est Method f o r  F iber  Content  of Resin-Martix Composites by Matr ix  
Diges t ion"  ASTM Designat ion D 3171-76 (1982) Annual Book of ASTM Standards  
1986, Sect ion  15, Volume 15.03. 

6. "Standard Test Methods f o r  S p e c i f i c  Gravi ty  and Densi ty  of P l a s t i c s  by 
Displacement" ASTM Designat ion D 792-66 (1979) Annual Book of ASTM Standards  
1986, Section 8, Volume 8.01. 

8 



TABLE I.- MATERIALS 

Weight per unit area: 

Panel Panel weight, Panel size, Laminate Weight per 
number gram (pound) c m  ( inch 1 thickness, unit area 

mm (inch) g/m2 (psf)  

#12 519 (1.144) 94 X 63.5(37 X 25) -660 + ,025 (-026 + -001) 870 (-1782) 
#3 377 (.831) 127 x 66 (50 x 26) .381 + .025 (.015 + .001) 449 (.0921) 
#4 672 (1.481) 127 x 66 (50 x 26) .584 + .OS1 (.023 + .002) 801 (.1642) 

#7 715 (1.576) 127 x 66 (50 x 26) .625 + .028 t.0246 + .0011) 853 (.1747) 
#6 484 (1.069) 127 X 55 (50 X 26) .457 + .025 (.018 + .001) 577 (.1182) 

Glass transition temperature: 

Panel 
number Ma taria 1 Flat probe, 15 g. U probe, 15 g. 

#12 Polysulfone/Graphite(Pl700/C6000~ 162OC 
174 
192 a #3 Polysulfone/Graphite(Pl700/C3000 

#4 Epoxy/Graphite(934/T300)(145 g / m  ) 
#6 Epoxy/Graphi te (934/T300) ( 95 g/m2 ) 202 
#7 Epoxy/Graphite(5208/T300) 21 0 

165OC 
172 
191 
200 
20 2 
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TABLE 111.- LDEF BASELINE TENSILE TEST RESULTS 

U1 tima te 

N o .  Thickness  Width S t r e n g t h  
specimen T e n s i l e  

mm ( i n c h )  nun ( i n c h )  MPa ( k s i )  

Polysul f  one/Graphite (P 

12L1 
2 
3 
4 
5 
6 

12T1 
2 
3 
4 
5 

3L1 
2 
3 
4 
5 
6 
7 

3T1 
2 
3 
4 
5 

4L1 
2 
3 
4 
5 
6 
7 

4T1 
2 
3 
4 
5 

.659 (.02595) 12.73 (.5012) 64.47 (9.350 
-645 ( -02538)  12.70 ( .5000)  57.91 (8.399 
.659 (.02595) 12.74 ( .5016) 63.84 (9.259 
.650 (.02561) 12.77 (.5029) 78.72 (11.418 
.654 (.02576) 12.77 (.SO291 64.18 (9.308 
.663 ( -02612)  12.75 (.5023) 66.31 (9.618 

.670 (.02636) 9.55 (.3762) 83.59 (12.124 

.651 ( -02564)  9.52 (.3749) 63.04 (9.143 

.641 (.02524) 9.54 ( .3757) 64.67 (9.379 

.657 (.02586) 9.53 (.3753) 51.65 (7.491 

.675 (.02659) 9.62 (.3789) 96.00 (13.923 

S t r a i n  
a t  T e n s i l e  

F a i l u r e  Modulus 
GPa 

700/C6000) 

.01184 9.40 
,01073 9.55 
,01068 9.69 
.02923 10.20 
.01014 9.93 
.01012 10.20 

.04566 9.89 

.00950 9.83 

.01621 9.09 

.00861 8.33 

( M s i )  

1.364) 
1.385) 
1.405) 
1.480) 
1.440) 
1.480) 

1.434) 
1.425) 
1.319) 
1.208) 

.03588 10.76 (1.561) 

Polysulfone/Graphi te  (P1700/C3000) 

.412 (.01622) 12.74 (.5019) 75.10 

.401 (.01579) 12.74 (.5016) 126.34 

.407 (.01604) 12.74 (.5019) 59.18 
,407 (.01601) 12.69 (.4997) 89.82 

.351 (.01380) 12.71 (.5007) 92.84 (13.465) .06554 9.27 (1.345) 

.412 (.01621) 12.73 (.5014) 117.20 (16.999) .0951 8.45 (1.226) 

.408 (.01605) 12.70 (.5003) 100.81 (14.621) .06827 8.53 (1.237) 
10.892) .03502 8.38 (1.216) 

(8.584) .01126 8.71 (1.263) 
13.028) .06174 8.54 (1.239) 

18.324) . lo94 8.83 (1.280) 

.383 (.OlSO9) 9.46 (.3728) 94.52 13.709) .04511 9.55 (1.385) 

.403 (.01586) 9.50 (.3743) 58.56 (8.493) .01036 8.87 (1.286) 

.394 (.01551) 9.51 ( .3747) 89.15 (12.930) .03110 9.84 (1.427) 

.394 (.01550) 9.42 (.3712) 93.75 (13.5973 .0636i 8.99 ::.334: 
,414 (.01631) 9.54 (.3759) 98.79 (14.328) .08586 8.69 (1.261) 

epoxy/Graphi te  (934/T300) ( 145 q/m2) 

.560 (.02206) 12.76 ( .5026) 149.58 

.606 ( -02384)  12.74 (.SO161 129.58 

.594 (.02338) 12.77 (.5030) 144.31 

.594 (.02339) 12.75 (.SO231 146.63 

.562 (.02214) 12.72 ( .Solo)  151.95 

.573 (.02256) 12.77 (.5030) 143.11 

.614 (.02418) 12.77 (.5029) 140.55 (20.385) 
21.695) 
18.794) 
20.930) 
21.267) 
22.039) 
20.757) 

.594 (.02340) 9.53 (.3752) 153.46 (22.257) 

.585 (.02303) 9.52 (.3751) 146.84 (21.297) 

.604 1.02377) 9.52 (.3749) 146.85 (21 -299)  
-595 (e023411 9.51 ( -3747)  148.36 (21.518) 
-578 ( .02274) 9.52 ( .3748) 143.50 (20.813) 

.01377 

.01653 

.01005 

.01411 

.01549 

.01868 
,0151 3 

.01649 
,01586 
.01450 
.01401 
,01455 

17.51 (2.539) 
17.20 (2.494) 
17.98 (2.608) 
16.71 (2.424) 
17.24 (2.500) 
17.00 (2.465) 
17.03 (2.470) 

17.77 (2.578) 
16.83 (2.441) 
17.84 (2.588) 
18.17 (2.635) 
17.27 (2.505) 

DVM 
Maximum load 

Newtons (pounds) 

540.9 
473.7 
536.5 
655.2 
536.5 
562.7 

534.7 
391.4 
395.9 
31 1 .4 
624.1 

414.1 
61 4.7 
516.0 
394.6 
645.4 
307.4 
464.8 

342 .S 
224.2 
334.5 
348.3 
391 .O 

1102.3 
1070.2 
999.5 

1095.6 
1109.8 
1089.9 
1048.4 

869.2 
817.6 
844.7 
839.8 
791 .8 

(121.6) 
(1 06.5) 
(120.6) 
(1 47.3) 
(120.6) 
(126.5) 

(120.2) 
( 8 8 . 0 )  
(89.0) 
(70 .0)  

(140.3) 

(93.1) 
( 1  38.2) 
(1 16.0) 

(88.7) 
(145.1) 

(69.1) 
(104.5) 

(77.1 1 
(50.4) 
(75.2) 
!?8.3! 
(87.9) 

(247.8) 
(240.6 
(224.7 
(246.3 
(249 .8 
(245.0 
(235.7 

(195.4) 
(183.8) 
( 189.9) 
(1 88 .8 )  
(178.0) 
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TABLE 111.- Concluded 

Specimen 
No. 

6L1 
2 
3 
4 
5 
6 

6T1 
2 
3 
4 
5 
6 

7L1 
2 
3 
4 
5 
6 
7 

7T1 
2 
3 
4 
5 

ultimate Strain 
Tensile at 

Thickness Width strength Failure 
mm (inch) mm (inch) MPa (ksi) 

Epoxy/Graphite(934/T300) (95 g/m2) 

.457 
,454 
.442 
.454 
.454 

.01800) 12.80 (.SO421 151.79 

.01789) 12.80 (.SO431 152.02 

.01740) 12.80 (.SO411 155.81 
,01788) 12.80 (.5042) 148.98 
.01786) 12.80 (.5040) 149.16 

.452 (.01778) 12.83 (.5051) 150.44 (21 .E191 .01949 
22.015) .01997 
22.049) .02146 
22.598) .01976 
21.608) .01996 
21.634) .01904 

.439 (.01729) 9.54 (.3756) 158.19 (22.943) .02199 

.449 (.01769) 9.60 (.3782) 148.88 (21.593) .01773 

.461 (.01814) 9.56 (.3765) 148.15 (21.487) .01711 

.437 (.01720) 9.57 (.3771) 152.71 (22.149) .01898 

.438 (.01726) 9.56 (.3764) 158.50 (22.988) .02241 

.445 (.01751) 9.53 (.3752) 158.54 (22.994) ,02039 

Epoxy Graphite(5208/T300) 

.583 

.609 

.598 
-627 
.620 

.599 (0.2358) 12.79 (.SO381 136.44 (19.789) .01294 

.607 (0.2389) 12.78 (.5035) 143.61 (20.829) .01473 
.02295) 12.76 (.5026) 132.08 (19.156) .01106 
.02396) 12.81 (.5044) 149.37 (21.665) .01578 
.02355) 12.79 (.5036) 146.60 (21.263) .01376 
.02468) 12.77 (.5029) 134.97 (19.576) .01269 
.02441) 12.76 (.SO271 139.99 (20.304) .01362 

.614 (.02417) 9.57 
,611 (.02406) 9.52 
.615 (.02423) 9.52 
,623 (.02453) 9.54 
.600 (.02363) 9.52 

.3771) 142.98 (20.737) .01520 

.3748) 139.49 (20.232) .01371 

.3749) 142.91 (20.728) .01285 

.3758) 138.34 (20.064) .01232 

.3748) 142.51 (20.669) .01250 

DVM Tensile 
Modulus Maximum load 
GPa (Msi) Newtons (pounds) 

16.05 (2.328) 871.9 
15.95 (2.313) 889.6 
15.56 (2.257) 887.4 
16.62 (2.411) 881.6 
15.53 (2.252) 866.1 
15.84 (2.298) 866.5 

15.80 (2.291) 662.8 
16.26 (2.359) 642.8 
16.84 (2.442) 652.6 
16.29 (2.362) 639.2 
15.84 (2.298) 663.7 
16.44 (2.385) 673.5 

16.16 (2.344) 1046.2 
16.35 (2.372) 1114.7 
17.11 (2.482) 983.9 
16.27 (2.360) 1165.0 
17.15 (2.487) 1121.8 
16.08 (2.332) 1080.5 
16.38 (2.375) 1108.9 

15.67 (2.273) 841.6 
16.22 (2.353) 811.8 
17.22 (2.497) 837.2 
16.80 (2.437) 822.5 
17.24 (2.501) 814.0 

(196.0) 
(200.0) 
(199.5) 
(1 98.2) 
(194.7) 
(1 94.8) 

(149.0) 
(144.5) 
(146.7) 
(143.7) 
(149.2) 
(151.4) 

(235.2) 
(250.6) 
(221.2) 
(261.9) 
(252.2) 
(242.9) 
(249.3) 

(189.2) 
(182.5 
(1 88.2) 
(1 84.9) 
(183.0) 

Note: Specimen Number = Panel Number/Specimen Size Designation and Number 

Specimen Size Designation 
L = 1/2-in.  wide specimens 
T = 3/8-in. wide specimens 
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TABLE 1V.- LDEF BASELINE TENSILE TEST RESULTS AVERAGED 

Ultimate S t r a i n  
Specimen Tensile a t  

I d e n t i f i c a t i o n  Strength Fa i lu re  

12L 

12T 

12L+T 

3L 

3T 

3L+T 

MPa ( k s i  

Polysulfone/Graphite (P1700/C6000) 

65.90 (9.558) .01379 - 
X 

S 6.89 (1.000) .007589 

lOO(S/X) = 10.4628 % 55.032 % 
n = 6  

71.79 (1  0.41 2 )  .02317 - 
X 

S 17.74 (2.5723) .016693 

1 O O ( s / Z )  = 24.705 % 72.0465 % 
n = 5  

68.58 (9.946) .O 1 805 - 
X 
S 12.61 (1.829) .012816 

l O O ( S / X )  = 18.390 % 71.007 % 
n = 11 

Polysulfone/Graphite (P1700/C3000) 

- 
X 

S 

1 O O ( s Z )  = 
n = 7  

- 
X 
S 

l O O ( S / X )  = 
n = 5  

- 
X 

S 

l O O ( S / i i )  = 
n = 1 2  

94.47 (13.701) 
23.15 (3.358) 

24.509 % 

86.95 (12.611) 
16.24 (2.355) 

18.674 % 

91.33 (1  3.247) 
20.08 (2.91 2 )  

21.982 % 

.06375 

.03335 

52.31 % 

.04720 

.02908 

61.61 % 

.OS685 

.03141 

55.25 % 

Tens i le  
Modulus 

GPa ( M s i )  

9.83 (1.425) 
0.34 (0.0487) 

3.420 % 

9.58 (1.389) 
0.92 (0.1328) 

9.5595 % 

9.71 (1.409) 
0.64 (0.0927) 

6.581 % 

8.67 (1.258) 
0.30 (0.04409) 

3.505 % 

9.1 8 (1.332) 
0.48 (0.0703) 

5.276 % 

8.89 (1.289) 
0.45 (0.6583) 

5.107 % 
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TABLE 1V.- Continued 

U l t i m a t e  S t r a i n  
Specimen Tens i le  a t  

I d e n t i f i c a t i o n  S t rength  F a i l u r e  
MPa ( k s i  

Epoxy/Graphi t e  ( 934/T300) ( 145 g/m2) 

4L 

4T 

4L+T 

6L 

6T 

6L+T 

143.67 (20.838) 
- 
X 
S 7.32 (1.061) 

1 0 O ( s / X )  = 5.092 % 
n =  7 

147.80 ( 2 1  -436) - 
X 

S 3.63 (0.526) 

lOO(S/Z) = 2.454 % 
n = 5  

X 145.39 (21.087) 
S 6.20 (0.899) 

lOO(S/Z) = 4.267 % 
n = 1 2  

- 

Epoxy/Graphi t e  (934/T300) 

X 

s 

lOO(s/Z) = 
n = 6  

- 
X 
s 

lOO(S/X) = 
n = 6  

- 
X 
S 

151.36 (21.953) 
2.52 (0.365) 

1.662 % 

154.16 (22.359) 
4.90 (0.71 1 ) 

3.181 % 

152.76 (22.156) 
3.99 (0.579) 

lOO(S/X) = 
n = 12 

2.614 % 

14 

.0148 

.00266 

18.003 % 

.0150 

.00104 

6.920 % 

.0149 

.00207 

13.885 % 

(95 g/m2) 

.0199 

.000819 

4.107 % 

.0197 

.00222 

11.279 % 

.0198 

.00159 

8.047 % 

Tens i l e  
Modulus 

GPa ( M s i  1 

17.24 (2.500) 
0.41 (.OS931 

2.372 % 

17.57 (2.549) 
0.53 (0.0763) 

2.996 % 

17.37 (2.520) 
0.47 (0.0684) 

2.716 % 

15.92 (2.309 1 
0.40 (0.0580) 

2.514 % 

16.24 (2.356) 
0.39 (0.0563 1 

2.390 % 

16.09 (2.333) 
0.41 (0.0596 1 

2.557 % 



TABLE 1V.- Concluded 

Specimen 
I d e n t i f i c a t i o n  

7L 

7T 

7L+T 

Note: 

- 
X 

S 

l O O ( S / s i )  = 
n = 7  

- 
X 

S 

l O O ( S / Z )  = 
n = 5  

- 
X 

S 

l O O ( S / Z ~  = 
n = 12 

U l t i m a t e  S t r a i n  
Tens i le  a t  
Strength F a i l u r e  

MPa ( k s i  

Epoxy/Graphi te ( 5208/T300 1 

140.43 (20.368) 
6.37 (0.924) 

4.539 % 

141.25 (20.486) 
2.17 (0.315) 

1.538 % 

140.77 (20.417) 
4.90 (0.711) 

3.484 % 

-01 35 
.00151 

11.189 % 

.0133 

.00118 

8.869 % 

.0134 

.00132 

9.890 % 

Tens i le  
Modulus 

GPa ( M s i  1 

16.50 (2.393) 
0.44 (0.00642) 

2.682 % 

16.63 (2.412) 
0.68 (0.0981 ) 

4.070 % 

16.55 (2.401 1 
0.53 (0.0764) 

3.184 % 

Specimen I d e n t i f i c a t i o n  = Panel Number/Specimen S ize  Designation 

Specimen S i z e  Designation 
L = 1/2-in. wide specimens 
T = 3/8-in. wide specimens 
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TABLE V.- UNIDIRECTIONAL SHEAR MODULUS AT -004 mm/mm 
SHEAR STRAIN 

Specimen Shear Modulus 
Number GPa (Msi 1 

Averaged 

Polysulfone/Graphite (P1700/C6000) 

12L1 
2 
3 
4 
5 
6 

12T1 
2 
3 
4 
5 

3L1 
2 
3 
4 
5 
6 
7 

3T1 
2 
3 
4 
5 

4L 1 
2 
3 
4 
5 
6 
7 

4T1 
2 
3 
4 
5 

2.77 
2.98 
3.04 
3.27 
3.15 
3.1 3 

3 -04 
2.93 
2.47 
2.69 
3.29 

2 -80 
2.61 
2.56 
2.55 

2.76 
2.74 

2.64 

2.53 
2.50 

2.74 
2 -77 

2 -64 

5.36 
5.41 
5.44 
5.24 
5.31 
5 -07 
5.36 

5.06 
5.16 
5.12 
5.76 
5.50 

.402 

.432 

0474 i = 3.06 (0.444 1 
.457 s = 0.171 (0.025) 
,454 lOO(s/Z) = 5.60 % 

-442 

.440 
-425 
.358 2 = 2.88 (0.419) 
.390 s = 0.315 (0.046) 
.477 lOO(s/X) = 10.93 % 

Polysulfone/Graphite (P1700/C3000) 

% = 2.98 (0.432) 
s = 0.250 (0.036) 
lOO(s/X) = 8.41 % 
n = 1 1  

406 
.379 
,372 
.371 
.397 
401 
.383 

368 
.363 
.401 
398 
384 

f = 2.67 (0.387) 
s = 0.009 (0.014) 
lOO(S/i) = 3.73 % 

f = 2.65 (0.386) 
s = 0.103 (0.015) 
lOO(s/i) = 3.90 % 

2 = 2.64 (0.383) n = 12 
s = 0.118 (0.017) 
lOO(s/S) = 4.50 % 

Epoxy/Graphite (934/T300) (1 45 g/m2) 

-778 
.785 

.760 

.770 
,735 
,778 

.734 
e748 
742 
e836 
798 

789 

(0.771 1 x = 5.31 
s = 0.126 (0.018) 
100(s/I) = 2.37 % 

- 

i = 5.31 (0.772) 
s = 0.204 (0.030) 
lOO(s/i) = 3.84 % 

= 5.32 (0.772) n = 12 
s = 0.302 (0.044) 
lOO(s/%) = 5.67 % 
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TABLE V.- Concluded 

Specimen Shear! We&!&$ ‘?4kv* * Averaged 
Number GPa (Msi 

Epoxy/Graphi te (934/T300 ) ( 95 g/m2 

6L1 
2 
3 
4 
5 
6 

6T1 
2 
3 
4 
5 
6 

7L1 
2 
3 
4 
5 
6 
7 

7T1 
2 
3 
4 
5 

4.72 .684 
4.87 .706 
4 092 .714 
4.95 .718 

5.04 .731 
4.74 688 

4.62 e670 
4.83 .700 
4.44 644 
5.1 2 .742 
6.46 .937 
5.21 .755 

Z = 4.87 (0.707) 
s = 0.125 (0.018) 
lOO(s/Z) = 2.56 % 

Z = 4.99 (0.725) 
s = 0.509 (0.074) 
lOO(s/Z) = 10.18 % 
n = 12 

2 = 5.11 (0.742) 
s = 0.722 (0.105) 
lOO(s/Z) = 14.12 % 

4.72 .685 
4.90 .710 
5.36 .778 
5.07 .736 
5.16 .749 
4.96 .720 
5.01 -726 

Epoxy/Graphite ( 5208/T300 

4.65 .675 
4.80 .537 
4.62 -670 
5.14 e746 
5.17 -750 

= 5.03 (0.730) 
s = 0.202 (0.029) 
lOO(s/Z) = 4.01 % 

Z = 4.96 (0.721) 
s = 0.231 (0.034) 
lOO(S/ji) = = 4.65 % 

= 4.88 (0.708) n = 12 
s = 0.263 (0.038) 
lOO(S/Z) = 5.39 % 

Note: Specimen Number = Panel Number/Specimen Size Designation and Number 

Specimen Size Designation 
L = 1/2-inch wide specimens 
T = 3/8-inch wide specimens 
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Figure 2.-  Close-up view of test specimen, grips and sensors. 
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Figure 5.- Stress-strain curves for material # 1 2  
(P1700/C6000) (12.7 mm-wide specimens). 
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Figure 6.-  S t r e s s - s t r a i n  c u r v e s  for material X12 
(P1700/C6000) (9 .525  nun-wide spec imens) .  
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Figure 7.-  s tress -s tra in  curves for material #3 
(P1700/C3000) (12.7 =-wide specimens). 
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Figure 8.- Stress-strain curves for material # 3  
(P1700/C3000) (9 .525 mm-wide specimens). 
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Figure 9.- Stress-strain curves for material #4 
(934/T300) (145 g/m2) (12.7 mm-wide 
specimens 1. 
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Figure 10.- S t r e s s - s t r a i n  curves for material  #4 
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